Protein and operon fusions between the manganese superoxide dismutase (MnSOD) gene, sodA, and genes of the lactose operon were constructed in an attempt to explore the effects of various factors on MnSOD expression and the level at which they operate. In sodA-lacZ protein fusions, induction of 0-galactosidase perfectly mimicked MnSOD induction (i.e., 0-galactosidase was not expressed in anaerobiosis and was induced by oxygen, redox-cycling compounds in aerobiosis, and iron chelators in anaerobiosis). In tac-sodA operon fusions, MnSOD induction was monitored only by the lactose operon inducer isopropyl-Io-D-thiogalactopyranoside. Various plasmids carrying part or all of the sodA regulatory and structural region inhibited aerobic I8-galactosidase induction in sodA-lacZ fusions. This included plasmids carrying only the transcription start and upstream region and also plasmids which did not contain this region and in which MnSOD was under foreign transcriptional control. The role of metal ions was also investigated. Addition of Mn(II) enhanced MnSOD activity but did not affect induction. The anaerobic expression of MnSOD from the oxygen-insensitive tac promoter was enhanced threefold by iron-chelating agents, implying a posttranscriptional or most likely a posttranslational modulation of enzyme activity via metal ions. To accommodate all these data, multiregulation of MnSOD is proposed.
I8-galactosidase induction in sodA-lacZ fusions. This included plasmids carrying only the transcription start and upstream region and also plasmids which did not contain this region and in which MnSOD was under foreign transcriptional control. The role of metal ions was also investigated. Addition of Mn(II) enhanced MnSOD activity but did not affect induction. The anaerobic expression of MnSOD from the oxygen-insensitive tac promoter was enhanced threefold by iron-chelating agents, implying a posttranscriptional or most likely a posttranslational modulation of enzyme activity via metal ions. To accommodate all these data, multiregulation of MnSOD is proposed.
Superoxide dismutases (SODs) are metalloenzymes of which the sole known function is to eliminate, through a dismutation reaction, the superoxide radicals produced in all organisms exposed to oxygen (13, 22) .
Escherichia coli possesses two isoenzymes, an iron (3a, 45) and a manganese (27, 42) -containing SOD (FeSOD and MnSOD, respectively). Whereas FeSOD is expressed in both anaerobiosis and aerobiosis, MnSOD is present only under aerobic conditions (19) . It has been shown that the aerobic induction of MnSOD occurs via superoxide radicals produced by oxidative metabolism and can be enhanced by high oxygen pressure (15) or by redox-active compounds (20, 21) . Metal ions (manganese or iron) can also modify SOD activity. It has been proposed that Mn(III) and Fe(II) increase the cell content of the corresponding enzyme by speeding the conversion of the apo-to the holoenzyme (38) . Furthermore, it has been reported that iron chelators induce MnSOD in both aerobic and anaerobic conditions (33, 39) . These observations, made in parallel by two groups, led to different hypotheses. Moody and Hassan proposed that MnSOD is negatively regulated, at the transcriptional level, by an iron-containing repressor protein. The repressive effect depends on the ferrous state of iron in the repressor protein (33) . Pugh and Fridovich suggested regulation involving autogenous repression by apo-SOD and posttranslational control based on competition between manganese and iron ions for the metal-binding site of apo-MnSOD, only the former conferring catalytic activity (39) .
Global responses to different stresses, such as inhibition of DNA replication (28) , treatment with alkylating agents (10) , heat shock (35) , and exposure to hydrogen peroxide (7) , have been observed in numerous organisms and particularly in enterobacteria. Several genes whose function is to prevent, repair, or bypass the damage due to the stress are controlled by the product of a single gene, such as recA, ada, htpR, or oxyR, for the SOS, adaptive, heat shock, and oxidative responses, respectively (7, 10, 28, 35) . Overlaps exist among these stress responses. Thus, some proteins induced by oxidative stress have been identified as heat shock proteins (34) . Induction of MnSOD in Escherichia coli has been reported in oxyR mutants (7) or following a heat shock (37) ; the SOS response is evoked by elevated levels of 02-(3), but MnSOD induction is not part of the SOS network (16) .
E. coli K-12 mutants which lack MnSOD, FeSOD, or both have been isolated (4) . I describe here the construction of operon and protein fusions between MnSOD and the lactose operon genes and their use to study the effects of the different factors mentioned above on MnSOD expression. The data show a complex regulation of MnSOD which cannot be explained in its entirety by previously proposed models. The data strongly support negative transcriptional control via ferrous ions, together with posttranslational regulation of MnSOD activity depending on manganese and iron concentrations. Furthermore, to accommodate the effects in trans of various plasmids carrying part or all of the sodA structural and regulatory region, a positive transcriptional control via 02 and autogenous regulation are proposed. Finally, it is shown that the MnSOD gene does not belong to the oxyR or htpR regulon.
MATERIALS AND METHODS
General genetic methods (32) and standard genetic engineering procedures were as described elsewhere (30) . Media and growth conditions were as described previously (43 joined the beginning of the sodA structural gene to the inside of the cat gene of pJH101. pDT1-27 was obtained by a PvuII internal deletion of pDT1-16. pDT1-24 was constructed by insertion to the BamHI site of pDR540 of a BamHI lac fusion fragment from pMC903. This plasmid, in which the lactose genes are under tac promoter control, was used to test expression of the tac promoter in our various assay conditions. pDR540 was purchased from P-L Biochemicals.
Iron chelators. The iron chelators used were 1,10-phenanthroline (0.1 mM), ferrozin (0.5 mM), and 2,2-dipyridyl (0.1 mM). Depletion of intracellular iron in E. coli leads to siderophore induction and consequently to increased iron uptake (2) . Since gallium has been reported to interfere with siderophore-mediated metal uptake (26) , the addition of gallium to the medium, by competing with iron for siderophore-mediated uptake, resulted in better intracellular iron depletion by iron chelators; our control assays showed, indeed, a slight amplification of the effects of ferrous ion chelators after gallium addition and no effect of gallium by itself. Therefore, 100 ,uM gallium nitrate was usually added to medium for assay with iron chelators.
Crude extracts and enzyme assays. Cells were harvested and crude extracts were prepared by cycles of freezing and thawing as described previously (4), except that DNase (10 ,ug/ml) and MgCl2 (10 mM) were added to the extraction buffer. Samples were duplicated and either used directly for enzyme measurements or loaded on small columns containing Sephadex G-25 (NAP-5; P-L Biochemicals) and eluted in 2 volumes of 50 mM phosphate buffer-0.1 mM EDTA, pH 7.8. Samples were stored at -70°C. Crude extracts from anaerobic cultures were prepared in the anaerobic chamber, except for centrifugation and freezing and thawing, which were performed in sealed tubes. Tubes containing the resazurin solution, treated in parallel with the crude extracts, were used as a control for maintenance of anaerobic conditions during extraction. Other investigators (33) procedure since the sodA insertion mutants are Cmr, and puromycin, another translation inhibitor, does not completely inhibit growth in anaerobiosis, presumably due to poor penetration of the antibiotic. A similar phenomenon of apparent antibiotic resistance in anaerobiosis was also observed with kanamycin (unpublished data).
,-Galactosidase assays were done, unless otherwise stated, on whole cells grown in LB medium, as described by Miller (32) . P-Lactamase assays were performed on crude extracts by the method of O'Callaghan and Morris (36) with Ceporine as the substrate (cefaloridine; Glaxo Laboratories). SOD assays were carried out as described previously (4) by the Beauchamp and Fridovich method (1). Proteins were estimated by the method of Lowry et al. (29) .
RESULTS
To better understand the regulation of MnSOD, new tools were needed to discriminate between controls of MnSOD expression at the transcriptional, translational, and posttranslational levels. I therefore constructed protein and operon fusions allowing us to distinguish between transcriptional and posttranscriptional events. In protein fusions, P-galactosidase is expressed from the sodA promoter under the transcriptional control of the sodA regulatory region. In such fusions, expression of P-galactosidase will not be affected by MnSOD posttranslational regulatory events. In the operon fusions, MnSOD is expressed from the tac promoter (9) , which replaces the sodA promoter; the sodA ribosome-binding site (Shine-Dalgarno sequence) and structural gene are conserved. In such fusions, transcription of MnSOD is under lac repressor control and only MnSOD posttranscriptional controls will be detectable. Preliminary assays with a tac-lacZ fusion (pDT1-24) ensured that the tac promoter was insensitive to MnSOD inducers (oxygen, redox-cycling compounds, iron chelators) and normally expressed in anaerobiosis in the presence of IPTG.
Response of protein and operon fusions to MnSOD inducers. The effect of MnSOD inducers in aerobiosis and in anaerobiosis were assessed by using protein and operon fusions. Various sodA-lacZ fusions were constructed and introduced into the bacterial chromosome as described previously (4). Fusion sites were determined by fine restriction mapping and comparison with the published sequence (42) . Three representative fusions were selected in which the hybrid gene retained about 200 bp (in sodA76), 380 bp (in sodA49), or 550 bp (in sodA71) of the sodA structural gene; none of these fusions exhibited SOD activity. No qualitative differences were observed among these fusions in the experiments reported below; therefore, data, are presented only for the sodA49 fusion. ,B-Galactosidase induction was generally similar in strains with or without active FeSOD (sodA or sodA sodB mutants).
Elevated oxygen concentrations induce MnSOD synthesis in E. coli (15) ; similarly, ,-galactosidase synthesis was induced in a culture of the sodA49-lacZ strain saturated with oxygen (Fig. 2a) . Increasing concentrations of paraquat, which generates 02-in vivo by redox cycling (20, 21) , resulting in increasing differential rates of p-galactosidase synthesis (Fig. 2b) . Growth was drastically inhibited at >i0-4 M paraquat. Other compounds which have been shown or are expected to produce 02 were tested ( Table 2) . As expected, plumbagin, streptonigrin,-menadione, and methylene blue induced P-galactosidase, as they induced MnSOD (21). Although nitrofurantoin was reported to produce 02 (46) , it failed to induce P-galactosidase under these conditions. This finding is in accord with previous observations by Hassan and Fridovich (21) and suggests that under these conditions nitrofurantoin does not increase 2-production in the cells.
Streptonigrin, which strongly inhibits growth, induced Pgalactosidase poorly. No significant induction was observed with H202 or ethanol. Inhibition of transcription or of translation by the addition of rifampin (50 ,ug/ml) or puromycin (0.5 mg/ml) suppressed P-galactosidase induction by paraquat (not shown), as it did MnSOD induction (21) . Glucose has been reported to inhibit SOD biosynthesis under certain conditions, i.e., in the absence of paraquat (18) . Addition of 1% glucose to the LB medium did not change P-galactosidase induction by paraquat in our experiments (Fig. 2b) .
Under anaerobic growth conditions, no P-galactosidase could be detected in the sodA-1acZ fusion strain. P-Galactosidase was induced within 7 min after a shift of the sodAlacZ mutant from anaerobiosis to aerobiosis (Fig. 2c) . For about 40 min, the differential rate of synthesis was lower in the strain which had FeSOD activity than in the mutant lacking FeSOD, presumably reflecting active dismutation of the newly generated superoxide radicals by the resident FeSOD.
Addition of iron chelator to growth media has been shown to induce MnSOD in anaerobiosis (33, 39) . The iron chelator 1,10-phenanthroline induced ,-galactosidase equally in anaerobically grown sodA-lacZ and sodA-lacZ sodB mutants (Table 3 Further support for this hypothesis was provided when ferrous ions added simultaneously with paraquat to an aerobic culture of a sodA-lacZ fusion strain partially inhibited induction of ,-galactosidase (Fig. 3) , in agreement with a previous report (33) . (38) . In a sodA-lacZ fusion, induction of ,-galactosidase increased with increasing paraquat concentration but remained the same on addition of Mn(II) (Fig. 3) . In wild-type strains, however, induction of MnSOD activity correlated with increasing paraquat concentration only upon addition of Mn(II) ( Table 4 ). This effect was more striking when the sodA gene was overexpressed from the multicopy plasmid pDT1-5. When no Mn(II) was added, no significant activity increase was observed on paraquat addition; however, induction was amplified sevenfold when 100 ,uM MnSO4 was supplied. The same activation by Mn(II) occurred in pDT1-21, in which the sodA gene is transcribed from the tac promoter, which is insensitive to paraquat. Finally In anaerobiosis, the activity of SOD expressed from the tac promoter (in pDT1-16, (44) , it was shown that t-galactosidase induction by paraquat in a sodA-lacZ fusion strain was partially inhibited when the strain harbored a multicopy plasmid (pDT1-5) carrying the sodA region (see Fig. 5 ); induction by oxygen was similarly inhibited. This effect was not the result of active dismutation of 02 by the excess SOD produced by the plasmid and consequent lowering of the inducer level, as shown by the following observations: (i) the same effect occurred with or without addition of Mn(II) to the growth medium, which corresponds to a 14-fold difference in SOD activity (Table 4) ; (ii) an identical effect was caused by plasmids carrying a truncated or disrupted sodA gene, devoid of SOD activity (Table 5) ; and (iii) plasmids like pHS1-8, carrying the sodB gene and expressing a high level of FeSOD activity, had no inhibitory effect on P-galactosidase induction (Table 5) . Such negative effects, in trans, can be explained by two types of mechanisms at least: either the inhibitory effect reflects a transcriptional activator titration by the multiple copies of the regulatory region carried by the plasmid, or the inhibition is due to autogenous regulation, i.e., direct control of the protein on expression of its own structural gene (14) . I therefore constructed plasmids which should allow discrimination between these two mechanisms and studied their effect on ,B-galactosidase induction in sodA-1acZ fusions (Fig. 4) . The results of those studies (Table 5) , discussed below, suggested that the inhibition of induction observed with pDT1-5 might actually result from regulation at both levels. The inhibition observed with plasmids containing a smaller and smaller part of the sodA structural gene, like pDT2-6, pDT2-8, and pDT1-13, suggested titration of a transcriptional activator. In the presence of pDT1-17, which carries only the RNA polymerase-binding site and upstream sodA DNA region (Fig. 1) , an inhibition of induction was observed. This inhibitory effect of pDT1-17 was noticed at low levels of inducer (below 30 ,uM paraquat) but was no longer visible at higher concentrations of paraquat. This suggested the existence of a positive transcriptional activator that was titrated by the plasmid. However, this conclusion could not account for the inhibition at high paraquat concentrations observed with plasmids pDT1-5, pDT2-6, and others. When the symmetric experiment was performed with plasmids (pDT1-21 or pDT1-16) in which the region around the sodA promoter has been removed and replaced by the tac promoter ( Fig. 1) , inhibition of induction was also observed. Inhibition of induction did not depend on active enzyme and is compatible with a model of autorepression by the protein on its own biosynthesis. In favor of such a model, the increased inhibition by pDT1-21 compared with pDT1-16 correlated with the increased amount of MnSOD expressed. Also, pDT2-7, which produces a hybrid protein, had in all conditions tested (Tables 5 and 6 ) a stronger inhibitory effect than pDT1-5, supporting the idea of a direct interaction of the protein to control its own expression. Plasmids carrying a truncated structural gene (pDT1-13, pDT2-6, and pDT2-8), which encode small hybrid peptides containing only the NH2 terminus of the sodA gene, had the same inhibitory effect as pDT1-5, which produced the entire apoenzyme. This suggested that only the NH2 terminus of the protein is necessary to confer regulatory ability on the (7) and by heat shock (37), I wondered whether MnSOD induction depended on heat shock or oxidative stress control, mediated by the htpR or oxyR gene. With an sodA-lac fusion, I measured the induction of ,Bgalactosidase by paraquat in mutants deficient in the heat shock (htpR) or oxidative stress (oxyR) response. Induction was the same as in the corresponding parental strains, although these mutants showed high sensitivity to paraquat (Fig. 5) . I conclude that induction of MnSOD is independent of those two inducible responses, as it is independent of the recA-dependent SOS system (16) . DISCUSSION MnSOD was shown, several years ago, to be induced by 02 (15, 21) . However, regulation studies always stumbled over the fact that superoxide radicals were both inducer and substrate. I therefore constructed new tools, protein fusions and operon fusions, to allow an approach in which those two functions are dissociated. In sodA-lacZ fusions, induction of P-galactosidase by various inducers in aerobiosis and in anaerobiosis faithfully reflected MnSOD induction. But operon fusions in which sodA was transcribed from the tac promoter were no longer inducible by superoxide radicals. This indicates that induction is a transcriptional event.
To explain the induction of MnSOD in anaerobiosis by iron chelators, Moody and Hassan (37) postulated transcriptional regulation by an iron protein which will act as a repressor when iron is in the ferrous state and will be inactive when iron is removed or oxidized. Indeed, the anaerobic induction of P-galactosidase by iron chelators in the sodA-lacZ fusion argues in favor of a transcriptional control via ferrous ions. Furthermore, the anaerobic presence of the multicopy plasmid pDT1-5 (sodA+) in the sodAlacZ fusion strain resulted in low expression of MnSOD and 3-galactosidase (Table 3 ). This may indicate the titration of a transcription repressor by the multicopy plasmid, as recently reported (23) . MnSOD regulation occurring via metal ions was previously emphasized (33, 39) . Exchange between iron and manganese at the metal binding of MnSOD have been reported (23) in which the only manganese-charged apoenzyme is catalytically active.
In their regulation model, Pugh and Fridovich (38) 
